Betelgeuse, a nearby red supergiant, is a runaway star with a powerful stellar wind that drives a bow shock into its surroundings 1-4 . This picture has been challenged by the discovery of a dense and almost static shell 5 that is three times closer to the star than the bow shock and has been decelerated by some external force. The two physically distinct structures cannot both be formed by the hydrodynamic interaction of the wind with the interstellar medium. Here we report that a model in which Betelgeuse's wind is photoionized by radiation from external sources can explain the static shell without requiring a new understanding of the bow shock. Pressure from the photoionized wind generates a standing shock in the neutral part of the wind 6 and forms an almost static, photoionization-confined shell. Other red supergiants should have significantly more massive shells than Betelgeuse, because the photoionization-confined shell traps up to 35 per cent of all mass lost during the red supergiant phase, confining this gas close to the star until it explodes. After the supernova explosion, massive shells dramatically affect the supernova lightcurve, providing a natural explanation for the many supernovae that have signatures of circumstellar interaction.
temperatures T = T n and T i ≫ T n , respectively. The ionized and neutral isothermal sound speeds similarly satisfy a i ≫ a n . The photoionized part of the red supergiant wind is accelerated as a result of ionization heating 14 , whereas the neutral part is decelerated 6 if the wind speed through the ionization front, v n , satisfies v n ≤ 2a i .
The resulting flow is depicted in Fig. 1 . The outermost layer is the interface where the wind meets the interstellar medium. For static stars this is a spherical, detached shell, and for stars moving supersonically it is a bow shock. A photoionization-confined shell -a dense, shocked layer separating the neutral inner wind from the ionized outer wind -forms closer to the star. We identify this with the recently-discovered shell in Betelgeuse's circumstellar medium 5 .
The properties of the photoionization-confined shell are calculated analytically and verified with simulations in Methods. Its outer boundary, R IF , is calculated following previous work 10 (Extended Data Fig. 1 ), and the standing shock radius, R shell , is obtained by requiring pressure balance across the shell. The shell reaches its final position (determined by the wind density and the incoming photon flux) on the expansion timescale of the wind, and then accumulates mass until it reaches a steady state, where the gas added to the shell at R shell is balanced by that photoevaporated from R IF . The steady-state mass of the shell, M shell , follows from its density and volume (Extended Data Fig. 2 ). For realistic wind properties and radiation fluxes, the most likely radii and masses are R IF ≈ (0.003 − 0.3) pc and M shell ≈ (0.03 − 10) M ⊙ (M ⊙ , solar mass). Photoionization-confined shells are present in addition to bow shocks and detached shells, and should be common because red supergiant winds are often photoionized [10] [11] [12] [13] .
The steady-state shell mass for Betelgeuse is M shell = 1.0 M ⊙ , for the parameter values 5 v n = 14 km s −1 , R IF ≈ 0.15 pc, andṀ = 1.2 × 10 −6 M ⊙ yr −1 (stellar mass-loss rate). IfṀ is larger (for example 3 × 10 −6 M ⊙ yr −1 ; ref.
3 ) then M shell increases accordingly. In Fig. 2 we compare our model predictions for Betelgeuse to a recent analysis 5 in which 21 cm H I observations were interpreted in the context of a detached shell model. A photoionization-confined shell matches the observations well for an external ionizing flux of F γ ≈ 2 × 10 7 cm −2 s −1 . Such a flux is found near the edge of old H II regions or within interstellar bubbles where diffuse ionizing photons constitute a large fraction of the total flux 15 (Methods; Extended Data Fig. 4 and Supplementary Video 1 show results from this simulation). The observed shell mass (0.09 M ⊙ ) constrains its age to be 0.3 − 0.5 Myr. Betelgeuse's post-main-sequence lifetime is about 1 Myr, and so it will probably explode before the photoionization-confined shell attains its steady-state mass.
Further quantitative comparison at simulation time t = 0.4 Myr is shown in Fig. 3 . The H I column density is plotted in a position-velocity diagram as a function of separation from Betelgeuse and line-of-sight velocity of the gas. The blue-and red-shifted components of the freely expanding wind are at radial velocity v r ≈ ±14 km s −1 , and the shocked shell is centred on v r = 0 km s −1 . Our results again agree quantitatively with the data presented in ref.
5 ( fig. 11 therein) , with the caveat that our simulations did not self-consistently determine the shell temperature (nor, consequently, the thermal broadening).
Although the neutral shell has been clearly seen observationally, a crucial prediction of our model is that the photoionization-confined shell should be surrounded by an accelerating ionized wind, emitting bremsstrahlung at radio wavelengths (with an emission measure of ∼ 10 − 20 cm −6 pc; emission measure is the integral of the square of the electron number density along a line of sight) and Doppler-shifted nebular spectral lines. Such a nebula has been detected for the red supergiant W 26 9, 12 , but it will be orders of magnitude fainter around Betelgeuse because the latter's wind has much lower density. The only imaging detections of Betelgeuse's gaseous circumstellar medium so far are the 21 cm H I data and unexplained far-UV emission from the bow shock 5 .
The agreement of Betelgeuse's neutral shell with our photoionization-confined shell calculations is encouraging, but further work is required to investigate multidimensional effects such as the non-radial flows that are introduced by clumpy and asymmetric winds 16 , the dynamical stability of the shocked shell, and the anisotropic external radiation fields 10 (Methods). Photoionizationconfined shells may also be present around lower-mass red giants and stars on the asymptotic giant branch that have winds of comparable velocity, if they are located in a photoionized medium.
The main effect of a photoionization-confined shell is to confine much more gas (up to 80 times more (Methods)) close to a red supergiant than would be expected from a freely expanding wind. Simulations show that ≈ 20 − 35% of the red supergiant wind is trapped in the photoionization-confined shell (Extended Data Fig. 3 ). The shell mass is ultimately limited by the total mass shed by the star during the red supergiant phase of evolution, which is typically less than 20 M ⊙ at solar metallicity, and so we expect the most massive shells to have
This has important implications for supernova/circumstellar-medium interactions because ejected material from about 10% of all core-collapse supernovae is observed to collide with dense circumstellar matter in the immediate vicinity of the exploding star 7 . It is usually assumed that this dense matter is produced by short periods of extraordinarily high mass-loss rate ( 0.1 M ⊙ yr −1 ) just before the star explodes [16] [17] [18] [19] [20] [21] . This gas is difficult to decelerate and confine close to the star hydrodynamically 22 , requiring a prompt explosion after an eruptive mass-loss event. There is, however, no proven evolutionary link between eruptions and explosions (although ideas are being investigated 23, 24 ). The photoionization-confined shell scenario overcomes this timing problem because the wind is decelerated effectively, allowing a fundamentally different interpretation of the lightcurves of some interacting supernovae. For example, Betelgeuse's mass-loss rate was previously deemed too small to produce an interacting supernova 16 , but this conclusion may need revision following the detection of its photoionization-confined shell 5 .
Results from a calculation of a radiative supernova blastwave expanding through the circumstellar medium of two of our most extreme models are plotted in Fig. 4 . The bolometric lightcurve rebrightens when the blastwave reaches the photoionization-confined shell, and remains at nearly constant luminosity until the shell is overrun by the shock. The initial circumstellar medium interaction is strong enough to leave detectable signatures in supernova observations, and the later shell collision is even more luminous. Two core-collapse supernova lightcurves are shown for qualitative comparison: SN 2004et (ref.
25 ) belongs to the most common (plateau) class, whereas SN PTF10weh (ref. 26 ) is an interacting supernova. The lightcurve of PTF10weh was interpreted as a bright pre-supernova eruption (0 − 500 d. in Fig. 4 ) followed by a luminous supernova at ∼ 500 d. (ref. 26 ). Fig. 4 shows an alternative interpretation that fits the data well: an explosion at 0 days followed by a collision of the supernova shock with a photoionization-confined shell at ∼ 500 d. In this interpretation the supernova would produce broad spectral lines immediately after explosion. Because pre-supernova eruptions eject lower velocity gas with narrower lines, this could be used to distinguish the two scenarios. 
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Author contributions JM and SM had the original idea that Betelgeuse's static shell could be confined by external radiation. JM derived the analytic equations for the shell, and ran and analysed the spherically symmetric computations. VVG, DMAM, NL, and JM discussed the results in the context of recently discovered photoionized winds, which motivated many of the specific choices of parameters used. JM, SM, VVG, DMAM, HRN, NL interpreted Betelgeuse's shell in the context of our results. NL proposed that the shells could be relevant for interacting supernovae, and developed this idea with JM, RK and TJM. [Left] A neutral stellar wind expands freely from the star and is shocked and decelerated by a photoionization-confined shell. A photoionized wind accelerates away from the shell's outer surface until it reaches the interface between the wind and the interstellar medium, which is a bow shock for Betelgeuse.
[Right] Detailed structure of a photoionization-confined shell from a spherically symmetric radiation hydrodynamics simulation of Betelgeuse's wind. Hydrogen number density, n H , velocity, v, and temperature, T , are plotted as functions of radius. . 
Methods
Analytic model for photoionization-confined shells Consider a steady-state, spherically symmetric wind around a star that loses mass at a rateṀ . The wind density and velocity are ρ(r) and v(r), respectively, as a function of distance from the star, r. The number density of H atoms is n H = X H ρ/m p , where X H is the mass fraction of H (the solar value 27 is X H = 0.715) and m p is the proton mass. For simplicity we assume that He remains neutral in the red supergiant wind and calculate only the ionization and recombination of H (introducing an error of at most 10%). The electron and proton number densities are then equal, n e = n p = n H (1 −
The wind is externally photoionized by an isotropic radiation field with inward ionizing flux F γ . An ionization front forms at radius R IF , separating the neutral inner wind from the photoionized outer wind. We use an approximate two-phase equation of state in which both ionized and neutral phases are isothermal with temperatures T i and T n ≪ T i , respectively (and associated sound speeds a i and a n ≪ a i ). Using T i = 10 4 K implies a i = 11.1 km s −1 , which is typical for photoionized gas with Galactic chemical composition. The isothermal approximation implies that the cooling time (and length) behind a shock is zero. The internal shell structure from our simulations therefore does not capture the post-shock cooling region, but this does not strongly affect our conclusions because they are based primarily on pressure balance at the shell boundaries. A non-zero cooling length means that photoionization-confined shells may be thicker in reality than in our models, but most of the mass will still be in the thin, dense, cooled layer, and so the shell's observable properties are probably very similar to what we predict using the isothermal approximation.
The wind terminal velocity through R IF is v n . Assuming that v(r) = v n at all radii, we can integrate the number of recombinations in the wind from r = ∞ inwards to obtain R IF as a function of the wind properties (Ṁ and v n ) and ionizing flux 
This equation assumes that photoionization has no hydrodynamic effect on the wind. If v n > 2a i then the ionization front is R-type (rarefied), characterised by weak density and velocity changes across the front, with no associated shocks 6, 29 . If v n ≤ 2a i then a D-type (dense) ionization front occurs, consisting of a shock propagating into the neutral wind, a shocked neutral shell and an ionization front 6, 29, 30 (with a strong density jump between neutral and ionized gas) at larger radius. The shock velocity relaxes to v n once a steady state is reached. If the shocked gas can cool efficiently then the shell can be very dense.
The ionized wind emerging from the D-type ionization front will accelerate to 30−40 km s −1 , according to the solution for a thermally driven isothermal wind 30, 31 . In the absence of gravity (it is irrelevant at the radii we are considering) the steady-state equation for the radial velocity profile is slightly modified from the cited references, to
Here r 0 is the radius at which the flow passes through the sonic point. Near r = r 0 the velocity scales as r/r 0 , and at large radius v(r) ≈ 2a i ln(r/r 0 ). Ionization fronts with diverging ionized gas flows, as is the case here, are D-critical 6, 32 , for which ionized gas is accelerated to a i within the ionization front itself. This means that r 0 is coincident with the ionization front radius R IF . We therefore set the velocity of the gas leaving the ionization front to v i = a i .
The photoionized wind evidently does not have constant velocity, so equation (1) provides only an approximate estimate of R IF . It should remain reasonably accurate because the velocity of the ionized flow remains within a factor of 2-3 of v n for red supergiants, and the velocity dependence of R IF is not strong. Results of numerical tests in Extended Data Fig. 1 verify this. R IF scales as expected withṀ and F γ , but is independent of v n for v n ≤ 2a i . Replacing v n with 16 km s −1 provides a good fit to the numerical results in this case, and we make this substitution for the numerical results throughout the paper.
The shell is bounded upstream by a standing shock in the neutral wind with isothermal shock jump conditions ρ shell a 2 n = ρ n v 2 n , where ρ n is the wind density just upstream of the shock radius R shell , and ρ shell is the shell density. The flow through the shell is subsonic and isothermal, and so the shell maintains a constant density. Its outer boundary is the ionization front, at radius R IF . Conservation of mass and momentum in the steady-state flow, together with the shock jump condition, gives the ratio
For strong shocks (cold winds) the second term on the right hand side of equation (2) is small compared with the first, and so we discard it for the rest of the analysis. The shell mass, M shell , is then
where the second line is obtained by setting v i = a i . Note that M shell → 0 as v n → 2a i , because for larger velocities a shell-forming D-type ionization front is not possible. M shell is also sensitive to a n , and colder shells can become much more massive. This is because R IF and R shell are independent of the shell density, whereas the shell density scales with a −2 n .
If we then assume that R IF deviates little from the value predicted by equation (1), we find that 4. the neutral and ionized gas phases are both isothermal, 5. the ionization front is treated as a discontinuity with an outflow velocity v i ≈ a i , and 6. the ionization front is at the same radius it would be if the shell did not exist.
The shell mass can be much larger than the freely-expanding wind mass, M wind =Ṁ R IF /v n , that would otherwise occupy the circumstellar medium. We obtain
This ratio is independent ofṀ and R IF and, for v n = 14 km s −1 and the sound speeds given above, it is ∼ 80.
The shell mass is ultimately limited by the mass shed during the red supergiant phase of evolution, which is typically less than 20 M ⊙ at solar metallicity. In many cases, the final steadystate shell mass is not reached, as seen from Extended Data Fig. 2 where extreme shells have steady-state masses M shell > 100 M ⊙ . The timescale for shell growth is
where f is the fraction of the wind mass retained in the shell. The time evolution of M shell for Betelgeuse (with f ≈ 0.2) and a more extreme model (with f ≈ 0.35) are plotted in Extended Data Fig. 3 . Their shell growth times are τ shell = 4.2 and 0.21 Myr, respectively. The simulations show that f is approximately constant until the shell reaches 1/3 to 1/2 of its steady-state mass.
Radiation-hydrodynamics simulations
We use the radiation hydrodynamics code PION 33, 34 for our numerical simulations, with spherical symmetry and, consequently, one (radial) degree of freedom, and using a uniform, fixed grid in the radial coordinate. PION uses a finite-volume discretisation of the equations of hydrodynamics, solved with an explicit time-integration scheme that is accurate to second order in time and space. The non-equilibrium ionization and recombination of hydrogen are coupled to the hydrodynamics using algorithm 3 in ref. 34 . The simple twotemperature isothermal equation of state means that gas temperature depends only on the neutral fraction of hydrogen, y, according to T (y) = T n + (T i − T n )(1 − y), so that T (y = 1) = T n (the cold neutral gas temperature) and T (y = 0) = T i (the hot ionized gas temperature).
The ionizing photon spectrum is taken to be that of a late O-type star, which emits relatively few photons capable of ionizing helium 35 . We consider a black-body spectrum (with temperature T r = 3 × 10 4 K) between the ionization potentials of H 0 and He 0 (13.6 and 24.4 eV, respectively), we assume He remains neutral at all times, and that the radiation is isotropic and coming from infinity. The only effect of the chosen spectrum when using the isothermal equation of state is to set the thickness of the ionization front, which has no material effect on the shell properties.
The simulation domain is set so that R IF /13 ≤ r ≤ 5R IF (with R IF from equation 1). This ensures that the inner (inflow) and outer (outflow) boundaries do not affect the solution in any way. Five thousand, one hundred and twenty grid zones were used for the final results, and this was tested to ensure numerical convergence. The simulations were run for at least 5 growth timescales (using equation 4 with f = 0.25), and were checked to ensure that a steady state had been reached.
A plot of gas density, temperature, velocity, and wind fraction (a tracer with value 1 in the stellar wind and 0 in the interstellar medium (ISM)) is shown in Extended Data Fig. 4 after a red supergiant wind has been expanding for 10,000 years (Supplementary Video 1 shows the time evolution). From small to large radius, it shows the freely-expanding wind, the thin photoionizationconfined shell at r ≈ 0.08 pc bounded by the ionization front, the accelerated photoionized wind region in 0.09 pc r 0.17 pc, the wind termination shock at r ≈ 0.17 pc, the contact discontinuity at r ≈ 0.2 pc, and a forward shock in the ISM at r ≈ 0.23 pc. The shocked shell at the wind-ISM contact discontinuity cannot trap the ionization front and so remains fully photoionized, even for the low ionizing flux of F γ = 2 × 10 7 cm −2 s −1 used for this simulation. The flux must be decreased by a further factor of ten before the wind-ISM interface can trap the ionization front and prevent the formation of a photoionization-confined shell.
The circumstellar medium around Betelgeuse As one of the two closest red supergiants to Earth, we have a uniquely detailed view of Betelgeuse's complex circumstellar medium: its arcshaped bow shock at a radius r ≈ 0.35 pc from the star 1, 3, 4 , the mysterious bar-shaped structure lying in the star's path just beyond the bow shock 1, 2, 4, 36 , and the newly discovered, almost static neutral shell 5 closer to the star at r ≈ 0.12 − 0.15 pc. This shell cannot be explained as a stellar eruption or wind variation because it is static (that is, some external force has decelerated the wind), nor as hydrodynamic confinement by the ISM because this occurs at larger radius at the bow shock.
Previous hydrodynamic simulations
3, 4 have shown that the bow shock around Betelgeuse should be quite massive, and also unstable. This is in apparent contradiction to the Herschel observations that show rather smooth arcs. When a red supergiant wind is photoionized, the ionized part of the wind accelerates to > 30 km s −1 , and the bow shock becomes more stable than when the wind is neutral 14 . A photoionized bow shock may therefore fit the observations better than a neutral one. The ISM magnetic field may also be able to suppress instabilities sufficiently to agree with observations 37 . The multiple arcs may be a projection effect from undulations in the shock surface; whatever the correct explanation, there is no indication that this arc-shaped structure is anything other than a bow shock.
It was suggested that the bow shock may be associated with H I emission 5 . In our model, the bow shock should be photoionized, unless its densest region at the apex can self-shield sufficiently to allow it to partially recombine. In this case the solid angle of the recombined region (seen from the star) cannot be too large, or else it would reduce the ionizing flux reaching the photoionizationconfined shell. The best evidence for bow shock H I emission is fig. 9 in ref. 5 , which presents data summed over a large radial velocity range (unlike the data for the photoionization-confined shell) and could represent foreground or background ISM emission. The GALFA H I data show no local maximum of emission at the bow shock 4 (albeit with low spatial resolution). Both studies 4, 5 note that confusion with foreground and background gas along the line of sight is a significant issue in the data reduction, and so the evidence for this detection is weaker than for the emission associated with the photoionization-confined shell.
Anisotropy of photoionization-confined shells NML Cyg, W26, and Betelgeuse are the three best-observed red supergiants with photoionized winds. They display a range of morphologies, probably arising from the anisotropy of the ionizing radiation field. For example, NML Cyg is illuminated only from one side and so the ionized part of its wind is bow shaped 10 . Betelgeuse's shell, by contrast, appears roughly spherical and so its irradiation must be more isotropic (the shell may be somewhat elongated in one direction 5 ). The Hα ring around W26 12 suggests that it too is irradiated from all sides, although the radio nebula has some asymmetry 9 . These examples point to a range of possible photoionization-confined shell shapes and masses. The spherical case allows the most massive shells to form, because it has no non-radial flows. For the asymmetric case, non-radial flows in the shocked shell cannot be much faster than the wind speed or the ionized gas sound speed, so it follows from advection timescales that even a completely one-sided shell should approximately double the mass of circumstellar gas near the star. These are the extreme cases, so all photoionization-confined shells will increase the circumstellar mass by a factor of between ∼ 2 and ∼ 80 (see above).
The Thomson scattering optical depth of the photoionization-confined shells in the models are less than unity, so we neglect the effect of the shell opacity on the light curve. We assume that 50% of the available kinetic energy is converted to radiation because of the efficient radiative cooling in the shocked dense shell. The fraction is uncertain and could be smaller because of, for example, multidimensional instabilities 45 . The reduction in the fraction results in the reduction of the bolometric luminosity but the lightcurve shapes remain the same.
Recent comparisons between observations and calculations of interacting supernova lightcurves 46 concluded that most progenitors had high mass-loss rates in the decades before explosion. Our work is not in conflict with this conclusion because the real constraint is not on the mass-loss rate but on the circumstellar medium density as a function of radius from the progenitor star. The further step of inferring a mass-loss rate for the progenitor assumes that the circumstellar medium is expanding at a constant rate and that none of it is decelerated by any environmental effects (radiative or hydrodynamic). All previous calculations that sought to constrain the mass-loss history of the progenitor have made a similar assumption 20, 42 . A consequence of the existence of photoionization-confined shells is that this assumption does not always hold, and that environmental effects can decelerate and confine the wind much closer to the star than previously thought 22 . Hydrogen number density, gas velocity, temperature, and wind fraction are plotted as a function of distance from the star after 0.01 Myr of evolution. The wind fraction equals 1 in the wind and equals 0 in the ISM. The photoionization-confined shell is still very thin and has low mass at this early time, and the fully-ionized ISM interface at r = 0.2 pc shows that the expanding wind drives a forward shock and a reverse shock. Supplementary Information contains a video showing an animation of the time evolution.
